Abstract. Magraatism and volcanism exhibit spatial and temporal clustering on a wide range of scales. Using the spatial pair-correlation function, the number of pairs of magmatic or volcanic events whose separation is between r-« Ar and r + « Ar per unit area, we quantify the spatial clustering of raagraatism and volcanism in several data sets. Statistically self-similar clustering characterized by power law spatial pair-correlation functions is observed. The temporal pair-correlation function is used to identify self-similar temporal clustering of raagraatism and volcanism in the Radiometric Age Data Bank of 11,986 dated intrusive and extrusive rocks in the North American Cordillera. The clustering of raagraatism and volcanism in space and time in this data set is found to be statistically self-similar and identical to those of distributed seismicity. The frequency-size distributions of eruption volume and areal extent of basaltic flows are also found to be self-similar with power laws analogous to the Gutenburg-Richter distribution for earthquakes. In an attempt to understand the origin of statistical self-similarity in raagraatism and volcanism we present one end-member model in which the ascent of magma through a disordered crust of variable macroscopic permeability is modeled with a cellular-automaton model to create a distribution of magma supply regions which erupt with equal probability per unit time. The model exhibits statistical self-similarity similar to that observed in the real data sets.
Introduction
Magmatism and volcanism are phenomena characterized by variable intensity on a wide range of spatial and temporal scales. For example, volcanic eruptions are episodic: like great earthquakes, they often occur without warning after a long period of quiescence. Such episodicity occurs over a broad range of timescales from historic timescales to much longer timescales recorded in deep-sea sediment cores as discussed by Kenneff et aL [1977] The spatial clustering of volcanic vents and basaltic flows is then considered. We utilize the spatial paircorrelation function, the number of pairs of volcanic 1A r events whose separation is between r-« Ar and r + • per unit area. We find that power laws are applicable to the spatial pair-correlation function for many data sets, indicating that the clustering is statistically self-similar.
As a model for the size distribution and clustering of volcanic events and magma supply regions, we utilize the observation that temperature variations in the uppermost mantle are self-affine. Self-affine functions are those which have a power spectrum with a power law dependence on wave number, k: $(k) c• k -z, where/• is a characteristic exponent. Self-affine temperature variations are inferred from the observation of self-affine regional variations in seismic wave speed at depth within Earth's mantle [Passier and $neider, 1995] . In our model, magma supply regions are those where the isothermic depth is larger than a threshold value required for the melt fraction to be greater than the percolation threshold. Synthetic magma supply regions and distributions of volcanic rocks are constructed and their statistics compared to those from the western Great Basin. Close agreement is obtained between the statistics of real and model magmatic and volcanic regions.
Spatiotemporal clustering of magmatism in the North
American Cordillera is considered with the Radiometric Age Data Bank of 11,986 radiometrically-dated intrusive and extrusive, basaltic and nonbasaltic igneous rocks. The large number of rocks in the database enables us to examine the clustering in time as a function of the distance separating rocks and, conversely, the clustering in space as a function of time. It is found that power law statistics are applicable to the temporal pair-correlation function but that the exponent of the temporal pair-correlation function characterizing the strength of the clustering depends on the spatial separation such that locations close together in space have highly correlated sequences of events in time. Similarly, the clustering in space is stronger for rocks separated by a small interval of time. The pair-correlation functions we compute with the Radiometric Age Data Bank are identical to those computed for distributed seismicity by Kagan and Knopoff [1980] and Kagan and Jackson [1991] , indicating that distributed volcanism and distributed seismicity may have similar spatiotemporal dynamics.
Next, we discuss the dependence of rates of magma emplacement and volcanic output on the timescale over which the rate is computed. Last, we introduce a model for the upwelling of magma through the continental crust that produces self-affine variations in temperature and a self-similar frequencysize distribution and spatiotemporal clustering. Our model considers the penetration of magma in a crust of variable macroscopic permeability. The variable permeability tends to roughen the isotherms characterizing the ascent, allowing magma to be advected more easily in regions of high permeability. Self-affine variations in isothermic depths are produced by this model. This is analogous to experiments in which fluids penetrating porous media develop interfaces that are selfaffine [Buldyrev et al., 1992] . The magma supply regions formed in this model of upwelling magma are allowed to erupt with a random probability. As a result of the penetration of magma into new regions, magmatism and volcanism migrate over time in a realistic way in this model. Spatiotemporal data from a model of magmatic and volcanic history are produced and the statistics are compared to those of the Radiometric Age Data Bank. Identical clustering statistics are obtained, suggesting that this model is one possible end-member model for magmatic and volcanic processes.
Frequency-Size Distribution of Volcanic Eruptions
The frequency-size distribution of volcanic events from a variety of geologic and marine environments is observed to be a power law analogous to the GutenbergRichter law for earthquakes. The Gutenberg-Richter law states that the number of earthquakes with a seismic moment greater than Mo is a power law function [1996].
This procedure for uncertainty estimation has been repeated for all of the uncertainties quoted in this paper.
Spatial Clustering of Volcanoes and Basaltic Flows
We have also considered the spatial clustering of the distributions. In contrast, the effect of variable macroscopic permeability acts only to cluster, consistent with the empirical observations we have documented. We must stress, however, that the model described in this section is only one possible end-member model for magmatic ascension through the crust. 3x103-10 a, t --10 -3x10, t --3x10 -10, t ----105 -3x105, and t -3x105 -106 time steps from top to bottom, respectively. This is nearly identical to that calculated for the igneous rocks of the Radiometric Age Data Bank in Figure 14 .
